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Timeline Barriers

» Project start date: June 1, 2010  p Barriers addressed
» Project end date: Sept., 31 2011 = Lack of High-Volume Membrane

» Percent complete: 60% Electrode Assembly./ (MEA) Processes
m Low Levels of Quality Control and

Inflexible Processes

Budget
« Total project funding Partners
— DOE share: $ 325,000 « Pacific Northwest National Lab
* Funding received in FY10: « |Informal Collaborators
$ 125,000 « Hewlett Packard
- Funding for FY11: * General Motors
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Currently the many individual fuel cell companies each fabricate
» a few stacks per day
« of highly variable design
» with many different end applications
« at a cost ~100X greater than automotive industry targets
« at a volume ~100X smaller than automotive industry targets

Industry is moving from the so-called 5 and 7 layer MEAs to ones with fully
integrated seals and gas diffusion layers.

This integration will drive reorganization of the MEA fabrication process.
Critical step is the transition from Roll-to-Roll processing compatible with the
incoming materials (e.g. rolls of membrane material) to Piece-by-Piece
processing required for automated MEA insertion into the stack assembly.

Production line must be highly versatile and adaptable to changes-in-product
design or technical advances in catalyst, membrane, seal and GDL %
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» Evaluate MEA fabrication and catalyst coating technologies
that will:

m Transition the industry from low volume to high volume
production using a scalable fabrication technology

m Allow a single fabrication line to handle multiple MEA sizes,
shapes and compositions

m Rapidly accommodate new technology as it develops
®m Reduce the number of fabrication steps

m Provide for highly consistent and repeatable catalyst coating at
small, medium and large scale production runs.

m Minimize waste of membrane and catalyst material
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» Critically evaluate inkjet or “drop-on-demand” (DoD) printing
technology to meet the criteria specified in the previous slide

m Determine if DoD provides for fewer or shorter fabrication
steps.

o No hot press is needed for film under 20 pm.
m Determine any conflicting requirements of the ink formulation
In printability and catalytic activity.
» Additives required for printability may inhibit catalytic activity

» Stable and jettable ink compositions may not be easily formulated or

produce catalyst layers with the desired ratios of carbon, catalyst,
ionomer and porosity.

o Particle size distribution and stability may cause print head clogging

m Determine printing conditions for uniform or graded catalyst
layer compositions

o Substrate temperatures

chamber humidity %
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Comparison Criteria

Compatibility of ink formulation and printing technology
Wastage of catalyst and membrane

Speed range and compatibility with other fabrication steps
Single layer thickness (and multilayer gradation)

Potential for “Patch” deposition (>1 cm areas)

Ability for fine scale (<0.1 mm) deposition and patterning
Amenability to Large, Medium and Small scale production
Rapidity of line set-up and modification

Roll-to-Roll versus Piece-by-Piece processing

VvVvVvVvyVyVVYYVYYVYY

Speed is not the most critical issue. Many processes are:

1) Too fast compared to other fabrication steps

2) Line speed cannot be easily-varied -~
3) ' eed-is-dependent on ink formulation \%
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» Slot-Die Coating

m Uniform patch coating
m Single thicknesses of ~20-

100 ym. _
m 0-10 m/min =
—_— Gravure roIIS with detail of etched ink cell. Courtesy of
Tenslen -~ Direction Daetwyler R&D Corp

E.:qﬁrl.u Sot-Die
Flid
Lhrchgr

Pressiang

» Gravure Printing

Patch coating & pattern printing
Single thicknesses of ~1-5 ym.
>100 m/min

Gravure roll image fabricaton
requires special-equipment
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Schematic of a slot-die coater.
sy of Frontier Industrial Tech.,
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» Spray gun
m  Simple ink formulation

® Single thicknesses of ~1-10
um.

Uniformity problems
Total mass deposited variable
0-1 m/min
High catalyst wastage due to
overspray
» Continuous Ink Jet
prlntlng
Eliminates printhead issues ..
®  Single thicknesses X

of ~1/2 - 20 ym.
® 0-10 m/min Il
m Rapid set-up nozze

= Not well developed for
industrial materials I
lications J

7 . — ink droplet

recycling gutter

paper

/

I/ charge electrode

image signal

i

deflector

Printing of catalyst layer on 320 cm2
Nafion membrane

» Ink Jet printing

Ink formulation and print head
compatibility issues

Single thicknesses of ~1/2 - 2
Mm.

0-10 m/min
Rapid-set-up

Simple patterning and gradation
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Use standard inkjet print technology for low to medium size runs where
adaptability and versatility are most important. Graduate to continuous
inkjet as processes and compositions become set and volumes increase.

Advantages

1) Little or no wastage of catalyst or membrane

2) Line speed highly adaptable to match other fabrication steps

3) Inks formulated for standard inkjet transferable to continuous inkjet
4) Highly adaptable to new technology

5) Relatively low capital cost

6) High inherent quality control and reproducibility

7) Piece-by-Piece and Roll-to-Roll processing

Development Needs

1)  Continuous inkjet not well developed for large scale fabrication

2) Printing algorithms and printheads developed for image applications not
thin film applications

3) Ink formulation limitation and requirements need better understanding ——

4)  Printing conditions (e.g. T and RH) need defining— —
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Images are not thin films

Images » Thin film
m A light reflective surface. m Has bulk properties
Thickness is not critical Thickness IS critical

m Films must usually be of
uniform thickness and
composition over large
dimensions.

m Interface with other
materials critical.

m Half-toning or dithering
achieves gray scales and
colors but does not always
fill printed space

High density and large drop size
are required to form a thin film.
Spreading of drop on substrate
and contact angle are critical
parameters P
-
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Specialized printer e

constructed M'Cmpmﬁf’ssc’r —— & Firing Circuit
m Jets are large to prevent  Controller  FE ,
clogging ' o

m Two print heads allow
graded ink compositions |

m Print algorithm
developed for ink
cartridge

m Printer completing
testing

u En_vironmental controls
being constructed

&

System .-
Power |

2 Printheads I

S ——

val XYZ tepper Motor Table |
.S —— g5 =% ah _— - 7
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Two identical printheads with different jet orifice sizes (28 ym & 20 um)
Larger orifice size did not fail while smaller size failed rapidly

Particle size distribution show aggregates at about 1 um.
=D 17

A
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\
0.25 / \\
0 J 76 \\‘ 75 077 J/ / 6\\ 75
Normanzecd; particle Log normal fit to data using
size distribution two particle size distributions.

Particles much larger than can be measured exist in |
ink with a very-small but significant-probability >~
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» Particles far from the peak
particle size cannot be
quantitatively measured

» A log normal distribution fit to
data can predict concentration
of large particles that might clog
a print jet.

Conclusion: Prevention of
aggregation even to a very
small degree is critical in
ensuring printhead
reliability

0.75

Probability of Clog
o
(6)]

0.25 - - \
0 - : - S
1.5 2 2.5 3 3.5 4 4.5 5
Orifice Diameter X 10»5

»Figure shows the probability of clogging
after 1000 fires.

»>Vertical lines denote the actual orifice
diameters. RED 20 ym and BLUE 28 yum
»>20 um orifice has 100% probability of
clogging by a 20 um or larger-particle
»28 pym-orifice has a 60% probabitity of

clogging by a 28 ymor larger particle%-
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» Rapid comparison of MEAs under wide selection of
operating parameters

m Humidification of the cathode

m Humidification of cathode and anode

m Preliminary evaluation of durability and reproducibility.
» Leak tests performed before electrochemical tests.

/:

Anode Cathode
Test#| Rep Time (min) Voltage 02 Stoic. R.H. Stoic. R.H. PSIG
1 1 60 0.6 02 5 100 7 100 0
2 20 0.7 02 5 100 7 100 0
3 20 0.5 02 5 100 7 100 0
4 hold 0.6 02 5 100 7 100 0
5 2 20 mV/sec 1.0t00.3 02 8 100 10 100 0
6 1 20 mV/sec 1.0t00.3 02 8 100 10 100 15
7 2 20 mV/sec 1.0t0o 0.3 | Air 2 100 4 100 0
8 1 20 mV/sec 1.0t0 0.3 Air 2 100 4 100 15
9 2 20 mV/sec 1.0to 0.3 Air 1.2 100 2 100 0
10 2 20 mV/sec 1.0to 0.3 Air 2 100 4 65 0
2 20 mV/sec 1.0to 0.3 Air 2 100 4 25 0 _
2] 1 20 mV/sec 1.0to 0.3 Air 2 100 4 100 0 %
13 [ 27 mV/sec—{10t0 0.3 [ Air 2 65 4 65 0 '
14 y%@\_gp t00.3 | Air 2 25 4 25 0 Pacific Northwest
1 20 mV/sec | 1.0t6 034 02 2 25 4 25 0 15 NATIONAL LABORATORY
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0.2 mg Pt/cm?

Comparison of lon Power MEA vs. HP Printed 50% Pt/C H2/02 Comparison of lon Power MEA vs. HP Printed 50% Pt/C H2/Air
1 1

09 0.9

0.8 0.8

0.7 0.7
— 06 — 0.6
2 2
() (]
59 0.5 :‘!9 05
o
> 04 —a—HP Printed 14.8 PSIG > 04

-e-HP Printed 0 PSIG .
0.3 0.3 —4—HP Printed 14.8 PSIG
——lon Power 14.8 PSIG X
-e-HP Printed 0 PSIG
0.2 ~e-lon Power 0 PSIG 0.2
—+—|on Power 14.8 PSIG
0.1 0.1 —e—lon Power 0 PSIG
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1
Current Density (A/cm2) Curren t Density (A/cm2)

» DoD MEA better in O, (left) while lon Power better in air (right)

» Difference possibly due to ink composition (more ionomer
&/or less porosity in DoD) and not fabrication-method.

ut DoD fabrication-isnot distinctly worse ~
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Comparison of lon Power MEA vs. HP Printed 50% Pt/C Using ’ Both M EAS d 0 bette I' at
H2/Air at Changing Humidities 65% RH

» Previous slide shows
results after 8 hrs of

testing.

§ o0 » DoD MEA gets

) —e—lon Power 100% RH .

S o4 o e noticeably worse.
e o0 » Know little about lon
P e 5% Power ink composition

o and fabrication details
i > v ” Curre::ll)ensityo(i/cmz) + v » ” ’ Cannot make direCt
. comparison of
After 3 days of testing at 0 PSIG fabrication methods

Conclusion: DoD as a fabrication technigue will |
Ire optimizatien-but’it is not distincthy-inferior \7/
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» This project grew out of collaboration with General Motors
and Hewlett Packard and was selected for funding
starting in 2009. Because of economic conditions, the
industrial partners were forced to withdraw.

» Hewlett Packard continues to provide support by allowing
PNNL to use their experimental print facilities.

N
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Printhead reliability — Develop catalyst compatible ink stabilizers that
prevent particle aggregation, prevent jet clogging and give longer
shelf life.

Explore relationship of ink composition (ionomer, carbon, catalyst
ratio) to performance using test protocol developed in this work.

Determine optimal printing conditions:

m Relative Humidity

m Substrate temperature

® Membrane hydration
Quantify relationship of substrate wettability to thin film uniformity.
Determine maximum single pass thickness.

Quantify development needs for continuous inkjet fabrication.

Pacific Northwest
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» Technical analysis of printing coating fabrication process
completed and report to DOE in final draft.

» Defined algorithms suitable for printing of thin films.

» Thin film printing station constructed and has undergone
Initial testing and calibration. Will be brought on line soon.

» Demonstrated that MEAs prepared by DoD fabrication
have comparable performance to commercially available
MEAs. Needs optimization.
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